Abstract. Genome wide techniques to assay gene expression and transcription factor binding are in widespread use, but are far from providing predictive rules for the function of regulatory DNA. To investigate more intensively the grammar rules for active regulatory sequence we made libraries from random ligations of a very restricted set of sequences. Working with the yeast Saccharomyces cerevisiae we developed a novel screen based on the sensitivity of ascospores lacking dityrosine to treatment with lytic enzymes. We tested two separate libraries built by random ligation of a single type of activator site either for a well characterized sporulation factor, Ndt80, or a new sporulation-specific regulatory site we identified, and several neutral spacer elements. This selective system achieved up to 1:10 4 enrichment of the artificial sequences that were active during sporulation, allowing a high throughput analysis of large libraries of synthetic promoters. This is not practical with methods involving direct screening for expression, such as those based on fluorescent reporters. There were very few false positives, since active promoters always passed the screen when retested. The survival rate of our libraries containing roughly equal numbers of spacers and activators was a few percent that of libraries made from activators alone. The sequences of approximately 100 examples of active and inactive promoters could not be distinguished by simple binary rules, instead the best model for the data was a linear regression fit of a quantitative measure of gene activity to multiple features of the regulatory sequence.
INTRODUCTION
In spite of the impressive technologies available for assaying gene expression and protein localization, and the availability of related genomes, the prediction of expression from sequence is still very imprecise . Even in the favorable case of Gal4-regulated genes where the protein localization and genetic data agree quite well, there remain many nonfunctional sites in the genome (REN et al. 2000) . There is also considerable variation between labs (IYER et al. 2001; SIMON et al. 2001) , and the geneticist's assay for function, change in response to gene deletion, may not agree with protein localization data (BEAN et al. 2005) . So one may ask whether a protein bound to DNA confers regulation, how important is the actual core promoter for the interpretation/integration of the signal from bound transcription factors, and how important is the sequence environment to the activity of specific binding sites (SEKINGER et al. 2005) .
One measure of the complexity of a process, e.g. the mapping from sequence to expression, is the length in bits of the most compact rule required to define it. An upper bound is simply a spread sheet of expression data under all conditions. The number of ways of arranging the 600 bases in the typical yeast promoter is unimaginably large and we presume it is only the binding of a limited number of factors that matter. Even so, the number of possible combinations again far exceeds the number of species one could hope to sequence for comparative genomics.
An alternative strategy for exploring the richness of the mapping from sequence to expression is to assay libraries of synthetic promoters. An important branch of computer science deals with algorithms that learn from examples and incidentally has to control for the tendency to construct overly specific rules given the generally limited number of examples in the training set. The simplest types of learning environments provide the algorithm a random set of positive and negative examples of the unknown rule and do not allow the 'learner' to query the 'oracle' about an example of its choosing. This is precisely the situation realized by screening a random library for function. Specifically, we chose a limited number of binding sites ('words') and ask whether random combinations lead to expression (yield a meaningful 'sentence').
We have built our assay around sporulation in yeast. Sporulation is a cellular differentiation process that is triggered when diploid (MATa/MATα ) budding yeast are subjected to nitrogen starvation in the absence of fermentable carbon sources. The cell exits the cell cycle and completes a single round of DNA replication. Homologous chromosomes pair, recombine, and undergo two meiotic divisions in the nucleus. At the spindle pole body a formation of prospore wall is initiated, leading to engulfment of haploid meiotic products and cytoplasmic material in four prospores. Finally, several layers of spore wall material are deposited on the surface of prospores, giving rise to four ascospores, enclosed in ascus formed by the cell wall of the vegetative cell (ESPOSITO and KLAPHOLZ 1981) . The sporulation-specific genes are expressed in ordered sequence, and based on the timing they can be divided into four classes: early, middle, middle-late, and late sporulation genes (MITCHELL 1994) . The onset of the middle phase of sporulation depends on successful completion of recombination and segregation of homologous chromosomes at the end of prophase I. An important regulator of the middle phase is Ndt80, which is a target of the pachytene checkpoint (HEPWORTH et al. 1998) .
Screen design and validation.
To study constraints placed on architecture of regulatory DNA sequences, we devised a screen to select for artificial sequences that have the capacity to drive expression of late sporulation genes in S. cerevisiae. We took advantage of the role of the gene DIT1 in maturation of ascospores: Dit1 catalyzes the reaction leading from L-tyrosine to the tyrosine-containing intermediate product, while Dit2, transcribed divergently from DIT1, is responsible for the following dimerization reaction leading to the dityrosine-containing precursors (BRIZA et al. 1994) . These are incorporated into the top layer of ascospore walls (BRIZA et al. 1986 ). Dityrosine renders the spores resistant to lytic enzymes, high temperature, and diethyl ether (BRIZA et al. 1990) . Using DIT1 as a reporter gene, we could exploit the sensitivity of spores lacking dityrosine to these treatments. We constructed a reporter vector ( Fig. 1 ) which contained DIT1 tagged with GFP at N-terminus; a minimal promoter, unable to drive expression without URS (MELCHER et al. 2000) ; and an inactive fragment of DIT2 to insulate the minimal promoter from spurious transcription factor binding sites elsewhere on the vector. To test the functionality of the DIT1::GFP reporter we inserted the DIT1/DIT2 intergenic region into the BamHI site of the vector. When we compared this construct to a similar plasmid carrying the wild-type DIT1/DIT2 locus, we did not detect any difference in glusulase sensitivity or dityrosine fluorescence levels, indicating that our reporter construct is fully functional.
In vitro-generated promoter sequences (constructed as described in Materials and Methods, and below) were co-transformed into dit1/dit1 cells together with linearized reporter vector (Fig. 1C) , and cells containing repaired vector were selected for uracil prototrophy. To check the extent of gap repair of the cut plasmid we compared the colony counts after transforming the cells with cut plasmid only, and cut plasmid plus library fragments, and observed at least a 25-fold increase in colony number from inclusion of the library fragments. The diploids were induced to sporulate, and then treated with glusulase, a mix of lytic enzymes targeting inner layers of ascospores. Surviving spores, which presumably contained a synthetic URS capable of driving expression of a functional level of DIT1, were allowed to germinate on complete rich medium. The haploid colonies were mated with cells of complementary mating type and the diploids were collected, induced to sporulate and tested for dityrosine fluorescence and diethyl ether resistance.
After treatment with glusulase ( Fig. 2A,B ), 1 in 10 4 cells carrying empty vector survived, relative to survival of the cells carrying a positive control plasmid with the native DIT1/DIT2 regulatory region. To test reproducibility of selection based on dityrosine fluorescence of ascospores, we isolated library plasmids showing varying levels of fluorescence, transformed them into the original plasmid-free strain, and compared the levels of dityrosine fluorescence after sporulation (Fig. 2C ). The differences between the original transformants and the retransformants were less than 5%. We also performed a double-blind test on complete libraries described below to assess reproducibility of dityrosine fluorescence levels when assayed in large scale, in temporally distant experiments. Again, the fluorescence levels obtained agreed within 5%.
When we subjected the transformants obtained by glusulase selection to a second glusulase treatment, they exhibited a level of resistance equivalent to the positive control, irrespective of their different fluorescence levels. Thus the glusulase treatment appeared to be essentially a threshold selection for a minimal level of DIT1 expression, without any differential survival dependent on expression above the threshold.
Library building and selection. We first constructed libraries consisting only of activators (length 31bp including 4bp sticky ends) (Table S1 ), ligated with random orientations. For library L2, constructed from the MSE-DIT site, approximately 1 in 3 of the clones survived the treatment with glusulase, relative to the strain with wild-type URS (Fig. 2B) . 41% of L2 clones before selection had dityrosine fluorescence levels higher than 10% of the positive control containing the wild-type URS. Library L15 containing the SSE-DIT site showed even better survival rates (76% of the positive control), and 85% of clones before selection showed fluorescence levels higher than 10% of the positive control.
Libraries L22 (MSE-DIT+random) and L23 (SSE-DIT+random) were created from the same active elements as above, supplemented with a fourfold excess of random spacers. There were 4 spacer elements (each comprising 20% of the ligation mix), all 24bp long (including the same 4bp sticky ends) (Table S1 ). These elements were designed by selecting random sequences constrained by AT/GC ratio of 0.6 typical for yeast non-coding regions. The sequences were also screened for known and predicted transcription factor binding sites. The synthetic promoter elements consisting solely of the random elements were essentially transcriptionally inactive (Fig. 2B, library L1) .
After the screening with glusulase, approximately 1 in 100 clones carrying the library sequences L22 and L23 survived relative to the positive control ( Fig. 2A) , i.e., a factor of 30-100 lower than the proportion of survivors from libraries without spacers. We then sequenced about 100 clones from the unselected and selected pools for both spacer-containing libraries, and subjected them to further tests.
Before selection, the L22 pool contained 2% of clones that after sporulation showed dityrosine fluorescence higher than 10% of wild-type value; after selection by glusulase treatment 94% of the clones were fluorescent after sporulation. In library L23, 8% of clones produced spores with dityrosine fluorescence higher than 10% before selection. These clones were all resistant to diethyl ether and survived glusulase treatment as wild-type when tested individually. (Thus 10% of wt fluorescence apparently represents a level of DIT1 expression sufficient for survival.) After selection 98% of the L23 clones had over 10% fluorescence, with a maximum of 88% of wt vs only 35% of wt for L22. It appears therefore that L23 contained a higher proportion of functional clones, consistent with the survival data in Fig 2A. The fluorescence test was done a second time for all four sequenced pools, and all positives were confirmed again by testing with ether (Table 1) .
SSE-DIT Drives Sporulation-Specific Expression.
When active concatenates of the SSE-DIT site from L23 were placed upstream of the DIT1::GFP reporter, green fluorescence was observed in ascii roughly at the time of appearance of the outline of individual spores (Fig. 3, Fig. 4 ). On synthetic medium with glucose supporting vegetative growth, the green signal was visible in 3.4%±0.6 of diploid cells. The same applies to the MSE-DIT element containing the predicted Ndt80 binding site (4.0%±0.6). Thus expression driven by either SSE-DIT or MSE-DIT was sporulation-specific.
Stress conditions (heat shock at 42°C and osmotic shock with 1M NaCl) applied to the same strains as Fig. 3 , did not increase the GFP signal above the level observed in vegetatively growing cells (data not shown). During growth on complete medium containing acetate, 10.0%±2.1 cells containing active SSE-DIT showed GFP signal (7.1%±4.1 cells with MSE-DIT). Thus the SSE-DIT element is only highly active during late sporulation and not in stressed or unstressed vegetative cells. It exhibits sporulation specificity comparable to the known sporulation-specific MSE element.
Analysis of sequences.
Prior to examining the sequences we excluded a few members of the unselected pools with fluorescence over 10% of wt, and a few selected clones with fluorescence below 10% (Table 1) . (This is to ensure that fortuitous positive clones picked from the unselected library, or poor expressors that leaked through the selection system near the threshold for DIT1 expression, did not confound the final results). The remaining sets of sequences (low expressors pre-selection and high expressors postselection) constitute our high confidence set (Tables S2, S3 ).
We first examined the two sets visually to see if any simple rules were discernible, and if there were similar clones in the active and inactive libraries that would either point to errors or suggest subtleties in the rules that could distinguish one set from the other. We first consider the data as binary since under the screen the survival of positive clones is very high when retested and the negative ones correspondingly low. (The more complex alternative is to correlate the dityrosine fluorescence with the sequence, treating it as a real number.) The sequences are characterized by pairs of symbols denoting the elements (A for activator, 1-4 for the random element), and their orientation ( >, <), with a vertical bar for delineation. The active DIT1 gene always lies to the right (downstream) of the promoter. Table 2 shows a few cases that exhibit interesting patterns, but the following discussion includes all available data (eg Tables  S2, S3 ) and thus is non-anecdotal within the limits of our data.
There is an excess of shorter elements in the inactive MSE-DIT pool (L22K) (7 vs. 1 length 2, and 13 vs. 7 length 3). The only length 2 functional element <A|4> ( L22-61) had a single activator and random element (whereas several elements with two activators were found in the non-functional set). Random element 4 never occurred among the length 2 clones in L22K, but this is not significant because of our sample size. Among longer inactive clones, there are 8 other occurrences of A followed by 4, but always in the >> or << orientation. However, the active combination <A|4> does occur in the 6 element clone L22K-36 in combination with other activator sites and is inactive. So we might conclude that there is something about the A-4 boundary and <> orientation that favors activity. But within L22, the A-4 combination does not display an orientation bias.
If we instead search for occurrences of the inactive length 2 clones in the active library, we see that although L22K-9,53, |A><A|, is inactive, adding an additional activator in either orientation to the down stream end restores activity (L22-7,47). Furthermore a dimer of L22K-53, L22-18 is active. There is no puzzle here if we focus on the fluorescence, since the active clones are only 2-3x brighter than the inactive ones, so the selection is rather sharp around a fluorescence of ~0.1. Among length 4 clones consisting solely of activators, there are 9 inactive and only 1 active. The active clone has the orientation ><><, as already noted, but it is not surprising that with 16 possible orientations of 4 activators, that a particular one is not found in a sample of 9 (P ~ 0.5). The ><>< combination of activators, was found 3 times (with a downstream |A> added) among the length 5 active clones. In general there are more inactive clones that consist purely of activators than active ones.
Reverse complementation can also affect function. Still considering only activators, the orientation ><< is active (L22-47), while >>< (L22K-102) is not. Here again a small difference in fluorescence translates into survival. Also the particular random element present is material; e.g. <4|A>|A> (L22K-87) and |A>|4>|A> ((L22K-81) are inactive, while |3>|A>|A> (L22-100) and |A><4|A> (L22-97) are active.
Similar trends are observed in the libraries built from the other activator SSE-DIT (Suppl . Table S2 ). There is overrepresentation of both shorter clones and those consisting purely of activator elements in the inactive library e.g. 3 of the 4 possible combinations of 2 activators do not express (<>, ><, <<), while there are no length 2 clones in L23 at all. However an inactive pair of activator elements when supplemented with another activator as in <A|A><A| (L23-76), or random elements (upstream of the gene) |1>|3><A|A> (L23-9) becomes functional. A similar contrast if provided by |A>|A><A| (L23K-55) vs. |4>|A>|A><A| (L23-49). The random element that sits between a pair of activators matters, as in |A><2|A> (L23K-70) vs. |A><4|A> (L23-29). (The same combination |A><4|A> with MSE-DIT as A was active in L22.)
In a majority of these examples a factor of 2-3 in fluorescence was responsible for survival under two independent selections. Furthermore the examples we have highlighted make it implausible that there is a strict binary rule distinguishing active and inactive clones. The other possibility is that expression is a 'quantitative trait' and depends in a graded way on many aspects of the sequence. This makes the space of potential rules much larger, and algorithms that search for explanatory rules in such systems tend to rely on probabilistic evidence. This puts a premium on large data sets, whereas with binary logic relatively small data sets such as ours can exclude any rule for which a single counter example can be found. In addition our active libraries do not exhibit a large range in fluorescence; e.g. only 3 clones in L22 do not lie in the range 0.1-0.2. Therefore, while the determinants of expression may be quantitative we do not observe a large range of activities.
In Table 3 we enumerate various traits (the ratio of activators to random elements, their orientations, etc.) that could control expression and then enumerate the number of instances in the various libraries. There is no single trait that could reliably predict survival of a clone since the difference in means is much less than the combined standard deviation. However a sample of 100 clones of either type could be classified, so the traits have predictive value. Hence we did a linear fit of the fluorescence to the 6 traits in Table 3 for all 185 clones containing MSE-DIT (L22), and the 190 clones with SSE-DIT. These traits accounted for 15% and 12% of the variance in the data, which is still very significant ( F-test probabilities of 3 10 -4 and 1.4 10 -3 respectively). For comparison the decrease in variance when fitting microarray expression data to sequence motifs is often in the range 10-25% (BUSSEMAKER et al. 2001) . However this comparison is biased since for the array data most genes do not respond, while half of our clones provide meaningful signal. For each activator, we also used the k-means clustering algorithm (http://www.mathworks.com/products/statistics/ ) to partition the merged pre and post selection libraries into two clusters based on the traits in Table 3 . One cluster with about 65% of the data had equal representation from the pre and post selection libraries. The second cluster had a 2:1 or 3:1 excess of the post-selection clones, depending on the activator. Multiple traits contributed to the second cluster and the post-selection clones clustered therein did not display unusually high fluorescence.
Our data does not allow a meaningful investigation of phasing with respect to the DNA helix (random elements with sticky ends were length 24 and the two activators length 31).
There is a large branch of computer learning theory devoted to classification based upon training examples. To successfully generalize, the algorithm must take account of the complexity of the model to avoid over fitting. One application analogous to the situation we face with the two promoter libraries is deciding whether a newspaper story is about a certain subject. The training sets are stories labeled as to subject. A set of features commonly used to represent such data are the words it contains, with each word weighed by some measure of how informative it is within the English language and by how often it occurs in the story. The problem is then to classify an unknown story. The classifier we use (a so called support vector machine, (SVM) (JOACHIMS 2002) and online "http://svmlight.joachims.org/" represents the story as a vector in the space of all words (each word is a direction, and the weight defines the projection along that direction). It then determines the best hyperplane that separates the positive and negative training examples.
Whereas for English it is plausible that words are informative features, it is not obvious what to choose for promoters. We constructed four different dictionaries of 'words'. To emphasize longer words, yet keep their number restricted, we reduced each promoter to a string over a three letter alphabet representing the two orientations of the activator element and any random element, irrespective of orientation. Dictionaries (i) and (ii) used all 2-mers or 3-mers in the reduced alphabet and counted their number in each promoter shifting by one letter each time. Each of the 9 or 27 words is then given a weight proportional to the number of its occurrences. Another class of dictionaries retained separate random elements. In case (iii), 6 features were counted (activator with orientation, random element either orientation) and in case (iv) 32 features (all pairs of elements with one activator with all orientations included). The last two models are sensitive to cryptic sites either internal to the random elements or on the boundaries between them and the activator.
We assayed the performance of the SVM by leaving out one training example, fitting to the remainder and then predicting the omitted data. For all dictionaries the performance was not much better than random. The reasons for this failure probably lie with the choice of dictionaries. For the two larger dictionaries, (ii) and (iv), we found the word which best discriminated the active from inactive clones. The probability of the observed frequency bias between the two sets was consistent with chance when the size of the dictionaries was taken into account. To further quantify the discriminatory power of these dictionaries, we took the 6 most biased words and did a linear regression fit to the fluorescence (merging the pre and post selection clones separately for each activator). About 10% of the sample variance was fit this way, a bit less than was achieved with the features from Table 3 . A decision tree (http://www.mathworks.com/products/statistics/ ) based on the counts of words in each promoter worked no better than linear regression, probably because there is no natural hierarchy among the words.
DISCUSSION
When we began this project our expectation was that random combinations of single activating elements and spacers in any orientation would be active, and we were surprised to find that only a few percent of such clones were active. In contrast, libraries prepared from activators only (in random orientations) gave about 50% functional clones. Thus, barring artifacts attributable to the choice of elements, a significant proportion of the expression potential of a promoter resides in the arrangement of sites relative to potentially neutral sequence, not merely their number and orientation. It is notable that natural promoters essentially never consist of multimers of potential binding sites without intervening sequence (although this is a common experimental strategy for measuring 'UAS' activity), while multiple sites separated by intervening sequences that appear to be neutral are highly common features of natural promoters.
We developed a screen based on sensitivity of yeast ascospores lacking Dit1 to treatment with lytic enzymes. In comparison to a more conventional screen based for example on auxotrophic markers, our approach allowed us to study a system which reached a fixed final point with a readout, dityrosine, that integrates the activity of the gene product we assayed. We thus minimized the impact of timing differences and eliminated one potential component of the phenotype. Another possible approach is to use fluorescence activated cell sorting of cells expressing a fluorescent marker. Such methods have the advantage of screening directly for level of gene expression, but suffer from low signal/noise ratio and low throughput, which would not allow us to select clones with a sensitivity of 1:10 4 . We used both the MSE-DIT and SSE-DIT putative transcription factor binding sites as models for our screen for active arrangements of sites in URS. The screen was highly selective and its consistency was confirmed by alternative testing methods. SSE-DIT was probably the stronger of the two activators, judging by the fraction of the activator-only libraries that survived selection and the overall dityrosine fluorescence level. However, there was not a meaningful difference between the numbers of activators in the active vs. inactive sets for the libraries constructed with inclusion of spacers along with the active elements.
Some of the clones classified as inactive by our selection methods contained mono-concatenates and short (2-3 elements) poly-concatenates of the putative binding sites. This may at first sight seem to be at odds with established method of testing transcription factor binding site activity by placing several copies of the site upstream of a reporter gene-for example (RAI et al. 1989) . However, for historical reasons, in this and many other reports the reporter is usually β-galactosidase downstream of the CYC1 minimal promoter. The CYC1 promoter contains two TATA boxes, one of them being permanently occupied by TATA-binding protein even in the absence of URS (CHEN et al. 1994; KURAS and STRUHL 1999; LI et al. 1999) . This raises the possibility that TATAbinding protein cooperatively aids transcription factor access to URS sites; this effect was observed in the case of a MEL1 promoter construct similar to the one we used, but cooperativity was about 3.5-fold stronger in the case of the CYC1 promoter (VASHEE and KODADEK 1995) . This cooperatively may be mediated by nucleosomes or chromatin structure. We therefore hypothesize that our screening system discriminates more stringently against weak sites/configurations of sites (see also (MELCHER et al. 2000) ).
In designing random libraries there is tension between working with too limited a repertory of elements that introduce artifacts due to repetition, and too rich a collection of elements that make the space of the possible combinations too large for sampling. We wanted to be sure of a reasonable sampling of possible promoter structures, so our input fragments were a low-complexity mix, but this has the disadvantage that the presence of exact and inverted repeats in our promoters could generate atypical secondary structures. Another trade-off is between fidelity to the endogenous context (i.e. we used 27bp containing the DIT1-MSE, not a 10 bp consensus sequence) and the introduction of additional complexity. There could also be new binding sites introduced at the boundaries between elements though we could not detect such sites computationally. The size of our random elements was not a multiple of the DNA helical repeat, mitigating against cooperative interactions, and neither Ndt80 or Msn2,4 is known to require a cofactor. Nucleosome positions may account for our results but are impossible to predict, as are specific interactions with the core promoter.
If the rules distinguishing the active from inactive library elements are really binary, then they must be very intricate, based on changes in activity accompanying what would seem to be immaterial changes in sequence. What matters for the selection in the majority of cases is a quantitative change in dityrosine level, and at this refined level of readout the determinants of expression are multiple traits diffusively spread over the promoter. A similar conclusion was reached in (SEKINGER et al. 2005) . The selection appears to be quite sharp over a limited range in dityrosine levels. Whether this is an artifact or a property of many natural promoters we can not say until more mutational screens of regulatory regions are done. If we can not discern relevant rules within our restricted universe with 100 examples, will interspecies comparisons do better? There are very few genes with identical expression under all conditions, so having an entire genome may provide a larger collection of fruit, but not more depth of coverage.
In addition, we identified a potential new sporulation-specific regulatory site in the DIT1/DIT2 intergenic region, SSE-DIT, active during the late spore-wall forming phase of sporulation and off during vegetative growth. The predicted consensus sequence for this site, TRAGGGGY, is similar to the "canonical" stress response element in yeast AGGGG, which is bound by transcription factors Msn2 and Msn4 (MARTINEZ-PASTOR et al. 1996) , and possibly some paralogues such as Mig1 (binding consensus YGGGG (MUKHERJEE et al. 2004) ). The stress factors are up-regulated early in sporulation (PRIMIG et al. 2000) so some additional effect would be needed to explain the late expression of our GFP reporter driven by the SSE-DIT-containing library. In the context of our libraries SSE-DIT appears to be a stronger activator than MSE-DIT.
The regulatory region for DIT1/DIT2 is large and surprisingly complex for genes that do not participate in regulation and are sporulation specific. In spite of considerable effort, conventional promoter dissection has not achieved a clear explanation of the time course of these genes. The available evidence suggests that the MSE-DIT mediates activation by Ndt80, based on its similarity to the consensus, in vitro binding assays, and the up-regulation of DIT1 in response to ectopic Ndt80 expression in vegetative cells. Ndt80 is not essential for DIT1 activity during sporulation since there is no expression change in an ndt80∆ strain (CHU et al. 1998) , and related species may not have a functional Ndt80 site. A plausible activator site is the SSE-DIT element, perhaps driven by Msn2,4. It is present at 5-6 places within DIT1/DIT2 regulatory region most of which are conserved between species. Other activation (probably indirect) comes from Rim101 (BOGENGRUBER et al. 1998) . However, if the stress factors do play a role then it has to be explained why DIT1 is not more consistently active in stress experiments; perhaps the repression is conveyed through the 76 bp NRE fragment (BOGENGRUBER et al. 1998; FRIESEN et al. 1997) as in vegetative growth, or via Mig1 binding to SSE-DIT.
There is enrichment of the SSE-DIT site in the small set of 11 mid-late genes common to both array experiments, but not in any larger set we could find. Because the SSE-DIT is much less widely represented among sporulation specific genes than Ndt80 sites, it is a candidate for a site that may have evolved in response to the presence of an activating factor (e.g. Msn2,4), followed by the decay of an ancient and now unnecessary Ndt80 site. The overlapping region where the repressor Sum1 (PIERCE et al. 2003; WANG et al. 2005) may bind is better conserved among Saccharomyces species.
Our results point to unexpected complexity and diffuseness in the rules governing the construction of functional promoters from activator sites. Complementary assays under other conditions for other activators are clearly needed, particularly if one library could be tested under multiple conditions (e.g. our SSE-DIT library in a stress experiment). It will also be interesting if the behavior of inactive and active library clones is modified in strains lacking components of the chromatin remodeling pathways. -19) . The samples were taken 12 h after the induction of sporulation. Field of view was selected to contain cells both before and after the appearance of spore outlines. Table S1 : Oligonucleotides used for construction of synthetic promoters. Predicted binding sites are highlighted in bold. Table 1 : Elimination of clones during individual selection steps. Initial count-number of clones randomly selected from library before selection; screen-number of clones selected after glusulase screen; 10% fluor 1-number of clones left after applying 10% fluorescence threshold of dityrosine fluorescence; 10% fluor 2-number of clones left after second independent round of measurements of dityrosine fluorescence and applying 10% fluorescence threshold, followed by a diethyl ether screen (ether-) on the survivors. Table 2 : Paired samples of sequenced clones in the inactive and active libraries with generally similar structures, and rationalization of differences in activity. See Tables S2,  S3 for complete data for all sequenced clones. fluorescence-dityrosine fluorescence of spores, relative to wild-type Table 3 : Statistics describing the active and inactive pools of artificial URS, mean ± std. Length is in units of number of elements. The next 3 columns are ratios of element numbers (clone skipped if denominator 0), and the last two columns, the number of activators in the configurations >> + << (direct) and <> + >< (indirect). Table S2 : The complete list of sequenced clones from the L22 libraries containing MSE-DIT (denoted as 'A') and four different random elements (denoted as '1'-'4'). The orientation of each element is shown in the second column, the dityrosine fluorescence in the third column, and a library identifier in the fourth column. The pre-selection clones are presented first, then the post-selection ones. 
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1.00E+07 GULDENER et al. 1996) . The identity of constructed strains was confirmed by Southern blotting. Yeast were cultured in standard synthetic complete (SC) media (SHERMAN 1991) , and sporulated in 2% potassium acetate (KAc) at 30°C. If selection on SC medium in the presence of geneticin was required, sodium glutamate was used as a nitrogen source instead of ammonium sulfate.
To test sensitivity of strains to heat shock, logarithmically growing cells were resuspended in SC medium lacking uracil at 42°C (HAMPSEY 1997) , and samples were taken 15, 30, and 60 min following the transfer. To test sensitivity of strains to high osmolarity, solid NaCl was added to cultures to the final concentration of 1M (HAMPSEY 1997) , and samples were taken 15, 30, and 60 min following the addition.
Vectors. We based the reporter vector (Fig.1) on the centromeric vector pRS416 [URA3/CEN6] (SIKORSKI and HIETER 1989). Reporter gene DIT1 (including 243 bp 3' region) was amplified by PCR from W303 chromosomal DNA and inserted between NotI and XbaI restriction endonuclease sites of pRS416. To provide promoter containing TATA sequence with minimal background expression, the MEL1 TATA region (231 bp) was PCR-amplified from plasmid pMELβ2 (MELCHER et al. 2000) and inserted between sites XbaI and BamHI. To isolate the minimal MEL1 promoter from influence of potential transcription factor binding sites in the pRS416 backbone, we inserted a 1398 bp non-functional fragment of DIT2 gene between XhoI and KpnI sites. The N-terminus DIT1 open reading frame (ORF) was fused to GFP ORF (lacking stop codon) by in vivo recombination of vector cut at XbaI site and PCR product containing GFP ORF flanked by 50 bp of sequences homologous to the vector sequence adjacent to XbaI site. The final construct, pL106, was confirmed by sequencing. To obtain control vector with wild-type DIT1 under control of its natural promoter, pL106 was digested with MluI and XhoI and the gap, flanked by DIT2 and DIT1 3' terminator region was filled by in vivo gap repair from DIT2/DIT1 genomic locus.
Promoter library construction and screening. The sequences containing putative transcription factor binding sites were designed so that each site was surrounded by 6-12 nucleotides found in its original genomic context. Including the CTAG sequences to create 'directionless' sticky ends, the length of these oligonucleotides was 31 bp. Only a single species of binding site-containing fragment was used for construction of each library. The four species of spacers (24 bp) were selected from a set of sequences produced by an algorithm based on a random number generator constrained by AT/CG ratio of 0.6 (typical of yeast regulatory sequences). The CTAG extension was appended to generate sticky ends, and the sequences were screened for known (MATYS et al. 2003) and predicted (PRITSKER et al. 2004 ) binding sites, both individually and pair-wise ('ligated') in all combinations, to exclude possible sites created at junctions of random elements and both 'active' elements.
Equimolar amounts of HPLC-purified oligonucleotides (sequences in Table S1 ) (Operon Biotechnologies, Huntsville, AL) were annealed. The final concentration of double-stranded DNA fragments after annealing was 50 pmol/µl, except that the terminal fragments homologous to the reporter vector sequence (adaptorD and adaptorU) were diluted to 5 pmol/µl. To ensure that these adaptors were incorporated only at the termini of ligation products, the ends of these fragments were designed in such a way that one terminus had overhang compatible with the other double stranded oligonucleotides and the other terminus had either an incompatible overhang or a blunt end (to prevent formation of chains of more than two terminal adapters). The adaptors at the termini of ligation products served later as substrates for homologous recombination reaction leading to incorporation of the whole ligation product into the reporter vector (Fig. S1C ). Oligonucleotides were mixed depending on the experiment (typically at 12 pmol/µl) and incubated with T4 polynucleotide kinase for 1h at 37°C. Ligation reaction with T4 DNA ligase was performed typically with 6 pmol/µl of double-stranded oligonucleotides at room temperature for 4 h. The ligation products were twice size-purified on 1.6% TBE/agarose gel, agarose was digested with β-agarase (New England Biolabs, Beverly, MA) and DNA was concentrated on Microcon YM-10 columns with 10kDa cut-off (Milipore, Bedford, MA). The reporter plasmid was digested with BamHI enzyme, purified once on 0.8% TAE/agarose gel and treated with β-agarase and concentrated.
Diploid strain YL344 was transformed simultaneously with the ligation products and the linearized reporter plasmid (SCHIESTL and GIETZ 1989) and the transformants were selected on SC medium lacking uracil (SC-ura). Typically, the yield was 7-12×10 3 clones. Colonies were washed from the plates, and stored or used to inoculate a sporulation pre-culture in SC-ura medium. Overnight culture was diluted 1:10 in YPAc medium, allowed to undergo 3 divisions, pelleted, washed, and resuspended in 2%KAc. The cells were allowed to sporulate for 4 days. 300 µl of sporulated culture was mixed with 300 µl of NEE-154 glusulase (Perkin Elmer Life Sciences, Boston, MA) and incubated at 30°C on shaker (250rpm). The length of glusulase treatment varied with each batch of glusulase and was selected for maximal differential survival of wild-type spores versus spores lacking DIT1. After the glusulase treatment, a sample of lysis suspension (usually 300µl) was mixed with ice-cold water, centrifuged at 6,000 rpm, resuspended by vortexing, washed 5 times, briefly sonicated, and plated on YPD plates.
To obtain diploids from haploid spores to allow retesting of sporulation phenotypes, colonies were first replica-plated onto YPD plates covered with lawn of YL332 or YL334, allowed to mate overnight, and replica-plated on SC-ura with geneticin. The resulting diploids were patched on fresh SC-ura plates with geneticin. These patches were used to inoculate overnight cultures, which were lysed and crushed with glass beads to liberate the plasmid DNA. Lysates were precipitated with ethanol and pellets resuspended in water; vector DNA contained in the suspension was transformed into E. coli SURE strain (Stratagene). Amplified DNA was then sequenced using protocols based on Thermofidelase (Fidelity Systems, MD) and dGTP (Rockefeller University Sequencing Center), or by proprietary protocols (Genewiz, NJ). The nonstandard sequencing protocols had to be used since the sequences, containing number of exact direct and inverted repeats, proved refractory to standard approaches.
Di-tyrosine test.
The test for presence of di-tyrosine in spore walls was performed essentially as described by (BRIZA et al. 1990 ).Strains to be tested were patched (approx. 2×3 cm) onto SC-ura plates and after about 24h replica-plated onto SC-ura plates covered by nitrocellulose membranes. Twenty-four hours later the membranes were transferred onto agar 2%KAc agar plates and allowed to sporulate for 5 days. Filters with sporulated yeast were placed in empty plates with 200µl water, 70µl glusulase, and 15µl β-mercaptoethanol, and incubated at room temperature for at least 6 h. The membranes were then transferred into culture plates with 300µl of 30% NH4OH, and fluorescence of the patches illuminated by UV light was recorded through a Tiffen 460WB40 filter. The image analysis was performed using ImageJ (ABRAMOFF et al. 2004) , and measured values were background subtracted and scaled by the fluorescence from the positive control containing the wt URS.
Diethyl ether survival. The strains were patched and sporulated as for the di-tyrosine test, but each set of patches was sporulated in triplicate. Membranes carrying sporulated cells were floated on diethylethyl ether for 5, 10, and 20 minutes. After brief drying the membranes were replica-plated on YPD plates and regrowth of patches was scored after 2 days.
Testing for Patterns.
A standard way to do a binary classification when given a sparse set of examples in a high dimensional space is the so called 'support vector machine' which finds the hyperplane which best separates the positive and negative examples. We use the implementation from http://svmlight.joachims.org (JOACHIMS 2002) , which is oriented towards text classification. When the code fits to the training examples, it also reports an error by the 'leave one out' method, which we use a monitor for performance.
Selection of active elements. The regulation of DIT1 has been studied in some detail, and is an apt illustration of how hard it is to tie gene regulation to specific factor binding sites. (FRIESEN et al. 1997 ) made a series of deletions in the distal upstream regulatory sequence of DIT1, and sequences up to 586bp upstream of translation start were required for the correct expression pattern: on during sporulation and off during vegetative growth. A 76bp element (NRE) at the distal end of this region confers strong repression on a heterologous promoter during vegetative growth, but no activation during sporulation. They were not able to isolate specific activator regions within the full 586bp region, but inferred that some of the activating activity resided near the TATA region. They also found that a 29bp piece of the NRE containing the Ndt80-binding site did not confer expression on a heterologous reporter during sporulation. This putative MSE site is mutated in a key base pair in the related Saccharomyces species, S.bayanus, S.mikatae, and S. paradoxus (no orthologous sequence was found for, S. kudriavzevii), while the DNA-contacting residues of Ndt80 are unchanged in these species. (BOGENGRUBER et al. 1998) found two short repressor elements within the NRE by making deletions. One overlaps the CGC end of the putative Ndt80-binding site, where in other sporulation genes Sum1 binds and prevents expression during vegetative growth (PIERCE et al. 2003; WANG et al. 2005; XIE et al. 1999) , though the NRE sequence is not a good match to the Sum1 consensus. Bogengruber (BOGENGRUBER et al. 1998) found that Rim101 activates DIT1, but the effect is probably indirect via Nrg1 (HARBISON et al. 2004; LAMB and MITCHELL 2003) Microarray experiments of (CHU et al.) show that DIT1 message is unchanged in an ndt80∆ strain, while there was strong up-regulation of the gene when Ndt80 was expressed ectopically in vegetative cells.
Faced with this complex pattern of regulation, we used a recently developed algorithm, PhyloGibbs, to search for common regulatory motifs upstream of the four orthologous DIT1 regulatory sequences from the Saccharomyces species. PhyloGibbs is designed to search sets of partially aligned sequences from related species and assumes that the regulatory proteins are the same in all species, but allows their binding sites to evolve between species (SIDDHARTHAN et al. 2005 ). When we ran the algorithm on the DIT1 sequences, we found a strong motif, present in all species, with consensus TRAGGGGY. (In spite of a superficial resemblance, none of our sites overlap the putative NRG1 sites in (HARBISON et al. 2004) .) Because of its similarity to the stress response element, AGGGG (MARTINEZ-PASTOR et al. 1996) we denote it as SSE-DIT-(sporulation stress-like element). In S. cerevisiae, the motif is found 252, 335, 348, 444, 508 , and 672 bp upstream from start codon of DIT1. Some of the sites are thus also in proximity of DIT2, which is transcribed divergently from DIT1 (Fig. S1 ) and follows Dit1 in an enzymatic cascade (BRIZA et al. 1994) For the screen we used the sequence bracketing one of these sites, 231-266 bp from translation start (SSE-DIT, Fig. 1 and Table S1 ).
To find other genes that might be regulated by SSE-DIT we searched the list of genes in two microarray studies of yeast sporulation (CHU et al. 1998; PRIMIG et al. 2000) , either by searching for the consensus trAGGGGy, or by scanning the actual weight matrix output by PhyloGibbs, on the promoter sequences of these genes.
SSE-DIT is enriched in the group of genes expressed in the mid-late and late phases of sporulation. We should note that while (CHU et al. 1998) and (PRIMIG et al. 2000) each indicate over 450 upregulated genes over the total time-course of sporulation, including 69 (Chu) and 130 (Primig) in the mid-late and late phases (which we take as clusters 6a, 6b, 7a, 7b in the Primig set), the intersection in these sets is only 177 (total) and 11 (midlate+late). It turns out that SSE-DIT is particularly highly enriched in the latter 11 genes: while, genome-wide, the motif trAGGGGy (with one allowed mismatch in lowercase positions) has 1440 matches in 1169 promoters (out of 5853 in a file of annotated 5'-UTR regions from SGD), in these 11 midlate+late genes there are 11 matches in 6 promoters (namely, DIT1, YEL057C, SPO73, YLL029W, YLR012C, SNO4) .
A weight matrix was obtained by running PhyloGibbs simultaneously on the promoters of DIT1, GIS1, and SPO73 (all of which appear highly enriched in SSE-DIT and are involved in spore wall assembly). Of the 11 common midlate+late promoters, 9 have 6.35 or more expected binding sites for the above weight matrix. These are the six mentioned above, plus FUI1, YBR025C, YMR114C. Genome-wide, only 1838 out of 5859 promoters have 6.35 or more expected binding sites.
Most of the 9 mid-late genes enriched in SSE-DIT, including DIT1, respond to a few of the conditions sampled in two microarray experiments of stress response (CAUSTON et al. 2001; GASCH et al. 2000) , but the response is not strong and systematic across conditions. The stress factors Msn2,4, which bind to the consensus AGGGG are up regulated during sporulation, but no more so than in a/a and α/α controls (PRIMIG et al. 2000) . These proteins are not among the genes required for an intact spore wall (COLUCCIO et al. 2004; RABITSCH et al. 2001) , but contribute to the activation of the meiosis regulator IME1 (SAGEE et al. 1998) . The Mig1 binding site, YGGGG resembles SSE-DIT (MUKHERJEE et al. 2004) and could function as a repressor during early sporulation in analogy to Sum1 and Ndt80.
SSE-DIT also appears in some of the 38 genes found in screens for spore wall mutants (COLUCCIO et al. 2004; RABITSCH et al. 2001): namely, GIS1, SPS22, CSM1, RIM4, SMA2, SWM1, OSW2, ADY2, GIP1, MPC54, ATG18, SPO71 (6 or more copies) , but the number is not statistically significant. Only in the midlate+late cluster does SSE-DIT appear overrepresented. Table captions:   Table S1 : Oligonucleotides used for construction of synthetic promoters. Predicted binding sites are highlighted in bold. Table S2 : The complete list of sequenced clones from the L22 libraries containing MSE-DIT (denoted as 'A') and four different random elements (denoted as '1'-'4'). The orientation of each element is shown in the second column, the dityrosine fluorescence in the third column, and a library identifier in the fourth column. The pre-selection clones are presented first, then the postselection ones. Table S3 . The complete list of sequence clones for the L23 library following the same format as Table S2 . Table S1 ds oligo ss oligo sequence 5'->3' 
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adaptorU OL016 CGAGGTCGACGGTATCGATAAGCTTGATATCGAATTCCTGCAGCCCGGGGCTAG OL017 CCCCGGGCTGCAGGAATTCGATATCAAGCTTATCGATACCGTCGACCTCG adaptorD OL019 GATCCAAGAAGAAAGGAAGACATGTATTACATTATCCAACAAAAAATGGTTC OL020 ACCATTTTTTGTTGGATAATGTAATACATGTCTTCCTTTCTTCTTGGATCCTAG MSE-DIT OL012 GGCCAGACGCGCGTCGCAAAAAAAGGTCTAG OL013 ACCTTTTTTTGCGACGCGCGTCTGGCCCTAG SSE-DIT OL029 TTATATTATTGGCCCCTCAGGAGTTTACTAG OL030 TAAACTCCTGAGGGGCCAATAATATAACTAG random1 OL010 CATTGTCACAATCGAGGTAACTAG OL011 TTACCTCGATTGTGACAATGCTAG random2 OL021 CATTATCTAGTAGTTGGTGCCTAG OL022 GCACCAACTACTAGATAATGCTAG random3 OL023 ATACCATACATACAGAACGGCTAG OL024 CCGTTCTGTATGTATGGTATCTAG random4 OL025 GCTAATTTTCGTTCCCGTATCTAG OL026 ATACGGGAACGAAAATTAGCCTAG
